The Noda area in the Hokusatsu District, southwest Kyushu is underlain by the Imanokoba, the Ikenodan and the Ogakura Formations of the Cretaceous Shimanto Supergroup. The Imanokoba Formation comprises beds of sandstone and mudstone. The beds generally trend NE-SW and dip in a moderate to steep angles to the east or west. The Ikenodan Formation comprises beds of sandstone, mudstone, siliceous mudstone and chert and basaltic lavas. The beds generally strike between NE and NW, and dip toward the west in moderate to high angles with a westerly way-up. The chert and basaltic lava beds appear in a left-stepping en echelon arrangement. The contact between the Imanokoba and the Ikenodan Formations is in a N-S trending fault known as the Noda Fault. The Ogakura Formation is composed of alternating beds of sandstone and mudstone. The beds generally strike between NE and NNE and dip toward the west in moderate to high angles with westerly way-up. The contact relationship between the Ikenodan and the Ogakura Formations is not distinct. The westward disappearance of the basaltic lava marks the western limit of the Ikenodan Formation. The en echelon array in the Ikenodan Formation is interpreted as an imbricate fan with the Noda Fault on its bottom as a décollement and is called "the Ikenodan imbricate fan". The Ikenodan imbricate fan is considered to have been formed in an accretionary complex developed in a northbound subduction zone. The primary attitude of the Ikenodan imbricate fan was probably south-vergent then turned over with its west side down. It was previously reported that the strata of the Shimanto Supergroup in the Hokusatsu area form a regional bending structure called the "the Hokustasu Bend". The Noda area is situated in a hinge zone of the Hokusatsu Bend, although the formations in the Noda area have not been involved in the bending structure. The Ikenodan Formation and the Noda Fault presumably extend to the north without bending, otherwise the bending structure occurs anywhere outside the Noda area. In either case, the Hokusatsu Bend is not present as interpreted in the previous studies.
INTRODUCTION
The Shimanto Belt is the predominant tectonic unit in the Japanese-Ryukyu Islands (Fig. 1a , [1] ). It is composed of Cretaceous, Paleogene and minor Neogene formations. These formations are collectively called the Shimanto Supergroup. Stratigraphic and structural studies of the Shimanto Supergroup have been carried out in many places. The previous studies revealed accretionary processes which worked during the development of the Shimanto Belt [e.g. [2] [3] [4] . Therefore, the term "the Shimanto accretionary complex" is widely used for various structural and stratigraphic units in the Shimanto Belt. This paper deals with the Cretaceous formations of the Shimanto Supergroup in the Hokusatsu District, southern Kyushu (Fig. 1b, [5] ). The Hokusatsu District is situated at the junction of two island arc segments, the Southwest Japan Arc and the Ryukyu Arc [e.g. 6]. The Southwest Japan Arc trends ENE and the northern half of the Ryukyu Arc trends NNE. The trends of major tectonic units in southwest Japan including the Shimanto Belt bend about *Address correspondence to this author at the Department of Earth and Environmental Sciences, Graduate School of Science and Engineering, Kagoshima University, Kagoshima 890-0065, Japan; Tel: +81 99-285-8130; Fax: +81 99-259-4720; E-mails: k8036405@kadai.jp, hyam@sci.kagoshima-u.ac.jp 40°-50° in and around the Hokusatsu District. Hashimoto [7] proposed a regional bending structure of the Shimanto Supergroup in the Hokusatsu District. This structure has been called "the Hokusatsu Bend" (Fig. 2) and has been generally accepted by succeeding researchers [8, 9] . The Hokusatsu Bend is considered to have been formed during the opening of the Japan Sea in association with the clockwise rotation of the Southwest Japan Arc in Miocene time [7, 8, 10, 11] . Recently, Saito et al. [12] denied the bending structure without any definitive reasoning or supporting evidence. Apart from the Hokusatsu Bend, the structural aspects of the Shimanto Supergroup in the Hokusatsu District have not been well studied. We have investigated the central part of the Hokusatsu District form Sunahara to Ikenodan (Noda area, Fig. 2) . Our results place new constraints on the structural setup of the formations in the Noda area and the tectonic model of the Shimanto Supergroup in the Hokusatsu District.
GEOLOGIC SETTING
The southern part of Kyushu is underlain by the rocks of the Chichibu and Shimanto Belts [1] . The Chichibu Belt is dominated by Jurassic formations and juxtaposed with the Shimanto Belt. The Chichibu-Shimanto Belts are mapped from the Boso Peninsula in the Kanto region to Okinawajima of the Ryukyu Islands (Fig. 1a) . The boundary between the Chichibu and Shimanto Belts is called "the Butsuzo Tectonic Line (BTL)" (Fig. 1b) .
The Shimanto Belt in Kyushu is divided into the northern and the southern sub-belts. The northern sub-belt consists of Cretaceous formations and the southern sub-belt consists of Paleogene formations with minor successions of Neogene sediments. Formations of the northern sub-belt occur in the Hokusatsu District (Figs. 1b, 2 ). According to Yoneda and Iwamatsu [9] , the Cretaceous formations in the Hokusatsu District are composed of the Okawa Group, the Takaono Group and the Kukino Formation. The Okawa Group is divided into the Ikenodan Formation and the Ogakura Formation. The Takaono Group is divided into the Inuyama, Hinotani and Imanokoba Formations. The Ogakura, Ikenodan and Imanokoba Formations lie in the Noda area Bend") after Hashimoto [7] , Murata [8] , and Yoneda and Iwamatsu [9] . "BTL" indicates the Butsuzo Tectonic Line. (Fig. 3) . The Imanokoba Formation consists of thick sandstone and mudstone. The Ikenodan Formation consists of sandstone, mudstone, siliceous mudstone, basaltic lava and chert. The Ogakura Formation consists of sandstone and mudstone. From Albian to Cenomanian ages were assigned to the Okawa and Takaono Group based on radiolaria [9] . The boundary between the Ikenodan Formation of the Okawa Group and the Imanokoba Formation of the Takaono Group has been considered to be a faulted contact [8, 9] termed "the Noda Fault" [9] . The Neogene-Quaternary volcanic rocks and volcaniclastic sediments widely cover the northern part of this area [7] [8] [9] 12] .
LITHOLOGIC DESCRIPTIONS

Imanokoba Formation
The Imanokoba Formation in the study area is exposed from Sunahara to the south (Fig. 3) . This formation consists of fine-to medium-grained sandstone, minor mudstone and rare interbedded sandstone and mudstone in places. The northernmost part of this formation is predominantly occupied by mudstone, which is generally homogeneous and has thin intercalated sandy and calcareous layers (Figs. 3,  4a) . The mudstone-dominated layer strikes ENE-WSW, and dips 70°-80° toward north. The intercalated sandstone layers have graded bedding which indicates way-up to the north. To the south of the mudstone-dominated layer, the Imanokoba Formation is mainly composed of massive sandstone with thin intercalations of mudstone layers (Fig. 3) . Fragments (up to 10 mm in diameter) of mudstone are common in the sandstone. This sandstone is a fine-to medium-grained feldspathic wacke, composed of clasts of quartz, plagioclase, K-feldspar and lithic fragments (Fig. 5a) between NE and WNW, and dip moderately or steeply. Dipdirections of the bedded sandstone are largely west or east and less commonly north or south. Graded bedding in the sandstone layers indicates various way-up directions (west, east, north and south). These observations suggest the presence of folding at mappable scales. However, we cannot show the outline of the fold because of the absence of a key bed which is traceable and can be used for identifying regional structure. The Ikenodan Formation occurs in a narrow zone extending north-south (Fig. 3) . This formation is composed of basaltic lava, mudstone, siliceous mudstone and sandstone with minor chert. Most of the basaltic lava bodies show lenticular shapes, with minor bodies being pod-shaped. The lenticular bodies trend NNE, NS or NNW and dip 60°-80° toward west. The basaltic lava bodies commonly exhibit pillow structures which are generally smooth and convex towards the west (indicating structural top). The eastern sides are uneven and have protrusions (indicating structural bottom). In all observed cases, the pillow structures indicate way-up westward (Fig. 6) . The lavas are composed of acicular-prismatic plagioclase, olivine, and pyroxene with accessories of opaque minerals. Olivine and pyroxene have been replaced by fine-grained mineral aggregates and represent as pseudomorphs by their short-prismatic shapes. Mudstone is the predominant rock type in the Ikenodan Formation. It is dark gray and commonly contains clasts (or blocks) of sandstone (ranging from one to 50 cm in diameter, Fig. 4b) . A scaly cleavage (fissile along the cleavage and easily brakes into thin fragments like scales of a fish) is commonly recognized in the mudstone. Siliceous mudstones are pale gray or brick red and sporadically distributed in the dark-gray mudstone. In the southeastern part of the study area, a large basaltic lava body is intercalated with a reddish variety of siliceous mudstone. Chert occurs in bedded or massive varieties and appears in grayish, reddish or whitish colors. In the northern part of the study area, small lenticular bodies of chert tend to be accompanied by basaltic lava bodies. Interbedded chert and siliceous micrite occur above the basaltic lava bed in the south (Fig. 7) . Chert and siliceous mudstone contain radiolaria (Fig. 5b) . Thick layered (up to several tens of meters) and thin layered (less than a half meter) sandstone is interbedded with mudstone. These layers generally strike between NE and NW, and dip toward the west in moderate to high angles with westerly way-up. The sandstone, a medium-to coarse-grained feldspathic wacke, is composed of quartz, plagioclase, K-feldspar and lithic fragments (Fig. 5c) . Lithic fragments can be identified as felsic-intermediate volcanic rocks, chert, minor quartzose metamorphic rocks, and rare mafic volcanic rocks. The boundary between the Imanokoba Formation and the Ikenodan Formation is in a faulted contact (Fig. 8) . The fault is corresponded to the Noda Fault that appears in Yoneda and Iwamatsu [9] .
Ogakura Formation
The Ogakura Formation occurs in the western part of the study area. This formation consists of alternating beds of sandstone and mudstone. The sandstone occurs as thick (up to 200 m) and thin layers (less than a half meter) interbedded with the mudstone. These layers generally strike between NE and NNE, and dip toward the west in moderate to high angles with westerly way-up. The sandstone is a mediumgrained feldspathic wacke, composed of clasts of quartz, plagioclase, K-feldspar, and lithic fragments. Lithic fragments are felsic-intermediate volcanic rocks, chert, minor quartzose metamorphic rocks, and rare mafic volcanic rocks (Fig. 5d) . The boundary between the Ikenodan Formation and the Ogakura Formation is not very definitive but considered to be gradational. The strike, dip, and way-up of layers in the Ogakura Formation are conformable to those of the Ikenodan Formation. Distributions of the basaltic lava bodies and chert layers in the Ikenodan Formation tend to decrease westward. The disappearances of the basaltic lava and the chert are considered as the western limit of the Ikenodan Formation.
STRUCTURE OF THE IKENODAN FORMATION WITH THE NODA FAULT
The boundary between Ikenodan and the Imanokoba Formations, the Noda Fault, is traceable from Ikenodan to southwest of Sunahara (Fig. 3) . The Noda Fault, for the most part, runs between the basaltic lava of the Ikenodan Formation on its west and the sandstone of the Imanokoba Formation on its east (Fig. 8) . The fault dips around 60° west in the northern and central parts of the study area. The dip angle decreases to 35° in the southern part. The northern extension is covered with volcaniclastic and alluvial In the eastern part of the Ikenodan Formation, the basaltic lava is dominant over the mudstone (Fig. 3) . The basaltic lava bodies beside the Noda Fault are generally thick and long, but those away from the Noda Fault tend to be small and isolated. The pillow structures indicate westerly way-up of the basaltic lava bodies. The eastern (bottom) sides of basaltic lava bodies are in tectonic contact with the mudstone or sandstone. An example of bottom boundary of a basaltic lava body is shown in Fig. (9) . Basaltic lavas and the mudstone are bounded by a narrow fracture zone, where the mudstone has been mashed into small flaky fragments. Fracture cleavage is developed in the mudstone near the fracture zone. Layers of mudstone, siliceous mudstone, and chert overlie the basaltic lava bodies. There is no signature of the shear deformation along the top boundaries of basaltic lava bodies (Fig. 7) . In the northern part of the Noda area, layers of basaltic lava and chert of the Ikenodan Formation seem to form a left-stepping en echelon arrangement. In the southern part of the Noda area, the structure of the Ikenodan Formation is characterized by two transverse faults: the Tsurugawauchi Fault and the Tashironaka Fault (Fig. 3) . The Tsurugawauchi Fault runs to the east of Tsurugawauchi. It strikes NNE-SSW and dips 50-60° west. An example of a brittle shear zone along the Tsurugawauchi Fault can be seen in the field (Fig. 10a) . A fracture zone (ca. 5 cm thick) filled with brecciated mudstone has developed between the layers of sheared mudstone. Strike and dip of the fracture zone is N20°E and 50°W, respectively. Slickensides on the exposed surface of footwall trend N3°W and plunge 26°N. Quartz veins are conspicuous in the footwall mudstone. Some of the quartz veins form an imbricate stack indicating left-lateral strike-slip displacement (Fig. 10b) . The mudstone on the hanging wall shows well developed fracture cleavage.
A transverse structural discontinuity is traceable along a deep valley from Tashironaka to the southeast (Fig. 3) . The Tashironaka Fault is delineated by several scattered outcrops of brittle shear zones in the valley. The Tashironaka Fault generally strikes NW-SE and dips south about 80°. An exposure of the Tashironaka Fault is shown in Fig. (11) . The hanging wall is represented by basaltic lava and the footwall is composed of mudstone. Strike and dip of the faulted surface are EW and 87°S, respectively. Slickensides on the hanging wall plunge 6° to the east. The fault plane has an opening of up to 10 cm which is filled with loose soil. The distribution pattern of the basaltic lava bodies around the junction of these faults together with the subhorizontal slickensides suggest right-lateral strike-slip displacement of the Tashironaka Fault. The northern extension of the Tsurugawauchi Fault reaches to the Tashironaka Fault and it is not traceable beyond the Tashironaka Fault. These faults seem to form "V" shape with its top facing west. Blocks and lenses of basaltic lava are scattered between the faults. 
TECTONIC INTERPRETATIONS
South-Vergent Imbricate Fan
Thrust faults arranged in an en echelon manner in crosssection are generally described as "imbricate" and a series of imbricate thrusts that branch out from a deeper thrust are known as "imbricate fan" [e.g. 13] . Structural features of the Ikenodan Formation can be summarized as follows. The basaltic lava and chert bodies present a left-stepping en echelon arrangement. The basaltic lava bodies are way-up westward and their bottom boundaries are in fault contact with mudstone and sandstone. Some of the bottom boundaries converge on the Noda Fault (Fig. 3) . The en echelon array in our geological map is analogous to an imbricate fan, although it does not appear in cross-section. The structural setting of the Ikenodan Formation with the Noda Fault leads to an interpretative model for the tectonic development of the Noda area (Fig. 12) . The formation of en echelon array in the Ikenodan Formation is attributable to the Fig. (11) . A fault contact between basaltic lava and mudstone (the Tashironaka Fault ). Strike and dip of the fault are EW and 87°S respectively. Looking east. See Fig. (3) for location.
left-lateral displacement of the Noda Fault. Accordingly, the en echelon array is interpreted as an imbricate fan with the Noda Fault on its bottom as a décollement, termed here "the Ikenodan imbricate fan". This imbricate fan is considered to have been formed in an accretionary complex developed as a result of northward subduction of the oceanic lithosphere. The primary orientation of the Ikenodan imbricate fan was probably south-vergent then it turned over, west side down. Thus the Ikenodan imbricate fan has been exposed to the ground surface in the Noda area and can be seen like a crosssection (Figs. 3, 12) .
Another example of an overturned imbricate structure is exposed in the Uchinohae area, southeast Kyushu (Fig. 1b) and it is called "the Uchinohae Duplex" [14] . The Cretaceous Uchinohae Formation trends NNE-SSW, dips toward east with easterly way-up. Imbricate structure (duplex) is denoted by a right-stepping en echelon array of basaltic rock units. The floor thrust of the Uchinohae Duplex is called the Takaoka Thrust and it separates the Cretaceous Uchinohae Formation from the Paleogene Yamanoguchi Formation. The Ikenodan imbricate fan and the Uchinohae Duplex seem to be mirror images. Despite the structural resemblance between these areas, the Ikenodan imbricate fan cannot be correlated with the Uchinohae Duplex. Because the Noda Fault is a boundary between Cretaceous formations, the Ikenodan imbricate fan and the Uchinohae Duplex (Cretaceous-Paleogene boundary) are situated in different tectonic settings. According to Murata [14, 15] the expanded in "b" fundamental structure of the Shimanto Belt in Kyushu is composed of shallow-dipping or subhorizontal thrusts accompanied by several duplexes. The subhorizontal nappe structures and duplexes have been reported from several areas of the Shimanto Belt in eastern Kyushu [16, 17] . The results of this study present new and the first evidence of subhorizontal structure related to the development of the Shimanto accretionary complex in southwest Kyushu.
The Hokusatsu Bend
According to Murata [8] and Yoneda and Iwamatsu [9] , the Cretaceous formations in the Hokusatsu District generally strike NE-SW in the northeastern part of their exposed area and N-S in the southwestern part (Fig. 2) . A hinge zone between NE-SW and N-S trending parts is indicated by the curved appearance of a basalt-bearing unit (the Ikenodan zone [8] or the Ikenodan Formation [9] ). The strike of the Ikenodan zone is N0°-30°E, to the south of Oganashi and it changes gradually to N40°-70°E, to the east of Oganashi [8] . The Noda area includes their proposed hinge zone around Oganashi (Fig. 3) . Detailed geological mapping has revealed that the basaltic lava bodies and the chert layers are not distributed around the Sunahara and Takaono Dam. The Ikenodan Formation (or the Ikenodan zone) in previous studies has been regarded as continuous around Oganashi [8, 9] , but it does not extend to the northeast from Oganashi to Sunahara. The Ikenodan Formation is in fault contact with the Imanokoba Formation. General trend of the Ikenodan Formation is N-S and that of the Imanokoba Formation is NE-SW. The structure of the Ikenodan Formation is not conformable with that of the Imanokoba Formation. The northward continuation of the Ikenodan Formation is covered with volcaniclastic deposits and alluvial sediments. There is low-lying flat land called the Izumi Plain to the north of the Noda area. The Shimanto Supergroup may underlie the Izumi Plain. The results of this study indicate that the Shimanto Supergroup in the Noda area has not been involved in a bending structure. Apart from these local evidences, it is certain that the geotectonic framework of the southwest Japan has been bent in Kyushu from a broad perspective. Taking into account of the above discussion, two possible interpretations on the regional structure of the Shimanto Supergroup are illustrated in Fig.  (13) . In either case, "the Hokusatsu Bend" does not exist in the form that has been described in prior studies [8, 9] .
(1)
The hinge of regional bending structure is not exposed in the Noda area. The Noda Fault and the adjoining formations bend to the northeast under the Izumi Plain (Fig. 13a) .
(2) The Ikenodan Formation and the Noda Fault extend to the Butsuzo Tectonic Line without bending (Fig.  13b) .
The former makes minor alterations to the outline of the Hokusatsu Bend. The crucial part of bending structure is considered to be hidden underground. The latter is a challenge to the existence of bending structure. It suggests that NE-SW-trending and N-S-trending areas are in a fault contact. In this case, the Shimanto Supergroup is considered to have been tectonically eroded by the activity of the BTL. The third possible interpretation is that the northern extension of Noda Fault displaces the BTL. The Noda Fault is an internal structure within the Shimanto Belt and can be related to the process of accretion. Thus it is hard to consider that the Noda Fault displaces the BTL.
The geological structure of the Izumi area is the key to elucidate whether the Shimanto Supergroup has been bent in the Hokusatsu District or not. Unfortunately, volcanicvolcaniclastic rocks and alluvial deposits widely cover the basement rocks. Extensive scientific drilling and geophysical exploration in the Izumi area are necessary before giving tectonic interpretations to "the Hokusatsu Bend".
CONCLUDING REMARKS
The chert and basaltic lava beds in the Ikenodan Formation appear in a left-stepping en echelon arrangement.
(2) The en echelon array in the Ikenodan Formation is interpreted as an imbricate fan with the Noda Fault on its bottom as a décollement. We propose "the Ikenodan imbricate fan" for this structure.
The Ikenodan imbricate fan is considered to have been formed in an accretionary complex developed in a northbound subduction zone. The primary attitude of the Ikenodan imbricate fan was probably southvergent then turned over with its west side down.
The Noda area is situated in a hinge zone of the socalled "Hokusatsu Bend", however the formations in the Noda area have not been involved in the bending structure.
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